In brain development, distinct types of migration, radial migration and tangential migration, are shown by excitatory and inhibitory neurons, respectively. Whether these two types of migration operate by similar cellular mechanisms remains unclear. We examined neuronal migration in mice deficient in mDia1 (also known as Diap1) and mDia3 (also known as Diap2), which encode the Rho-regulated actin nucleators mammalian diaphanous homolog 1 (mDia1) and mDia3. mDia deficiency impaired tangential migration of cortical and olfactory inhibitory interneurons, whereas radial migration and consequent layer formation of cortical excitatory neurons were unaffected. mDia-deficient neuroblasts exhibited reduced separation of the centrosome from the nucleus and retarded nuclear translocation. Concomitantly, anterograde F-actin movement and F-actin condensation at the rear, which occur during centrosomal and nuclear movement of wild-type cells, respectively, were impaired in mDia-deficient neuroblasts. Blockade of Rho-associated protein kinase (ROCK), which regulates myosin II, also impaired nuclear translocation. These results suggest that Rho signaling via mDia and ROCK critically regulates nuclear translocation through F-actin dynamics in tangential migration, whereas this mechanism is dispensable in radial migration. npg © 2012 Nature America, Inc. All rights reserved.
a r t I C l e S Migration of neuronal precursors determines the cellular architecture of the brain for subsequent neural network formation. There are two types of neuronal migration [1] [2] [3] . Precursors of excitatory, glutamatergic neurons born in the cortical ventricular zone radially migrate toward the pial surface as successive waves to form cortical layers, whereas precursors of GABAergic interneurons born in the ganglionic eminences tangentially migrate for a long distance to cortical and subcortical regions. A subset of tangentially migrating precursors remains to be generated after development in the subventricular zone (SVZ) located on the lateral wall of the lateral ventricle 4 . These precursors, which are called SVZ neuroblasts, migrate toward the olfactory bulb through the rostral migratory stream (RMS) and become differentiated to olfactory bulb interneurons for renewal 5 .
Neuronal precursors accomplish migration through a repetitive cycle composed of a growth of the leading process and saltatory movement of the nucleus called nuclear translocation 1, 3, 6, 7 . Before nuclear translocation, the centrosome moves forward to a 'swelling' that is transiently formed at a portion of the leading process proximal to the cell body, and then the nucleus moves toward the centrosome. As microtubules connect the nucleus to the centrosome, many studies have analyzed the roles of microtubules in nuclear translocation, and it has been proposed that microtubules and dynein-mediated motor activity provide the major force pulling the nucleus toward the centrosome [8] [9] [10] .
However, most of these studies were performed on radial migration, and whether radial migration and tangential migration are operated by similar or distinct mechanisms remains unknown. Tangential migration is typically much faster than radial migration, and cortical and olfactory interneuron precursors exhibit much larger saltatory movement of the nucleus toward the centrosome 3, [11] [12] [13] . Notably, previous studies suggested that microtubules may not be critical for nuclear translocation in the migration of cortical and olfactory interneuron precursors in vitro [14] [15] [16] . These findings suggest a possibility that the contribution of microtubules is different between radial and tangential migration.
In addition to microtubules, recent studies have begun to reveal the involvement of actin cytoskeleton in neuronal migration. Pharmacological blockade of myosin II activity halts nuclear translocation in both radial migration 10 and tangential migration 14, 16, 17 . Because myosin II and its phosphorylated form are enriched at the cell rear undergoing nuclear translocation of interneuron precursors, it has been suggested that actomyosin-based contractility pushes the nucleus from the rear during nuclear translocation in tangential migration. The Rho family of small GTPases, which includes Rho, Rac and Cdc42, is critical for the reorganization of actin cytoskeleton in various cell types, including neurons 18, 19 . Previous studies suggested that Rac1 and Cdc42 promote radial migration and that RhoA inhibits it 6, 20, 21 . However, little is known on the roles of Rho GTPases in tangential migration. Furthermore, how Rho signaling is linked to a r t I C l e S the action of actomyosin in neuronal migration remains unknown. Among the Rho family members, Rho regulates actomyosin-based contractility through binding to ROCK and mDia 22 . ROCK facilitates phosphorylation and activation of myosin light chain to induce myosin-based contractility 23, 24 , whereas mDia nucleates actin oligomer and facilitates actin polymerization to produce long straight actin filaments [25] [26] [27] . In non-neuronal cultured cells, cooperation between mDia and ROCK is required to properly reproduce the dense and parallel pattern of Rho-induced actin stress fibers 25 . We generated mice lacking mDia1 and/or mDia3, two isoforms that are expressed in the brain, and found that mDia-mediated actin dynamics is critical for tangential migration of inhibitory interneuron precursors, but is dispensable for radial migration.
RESULTS

A role of mDia in migration of interneuron precursors
We examined the expression of mDia isoforms in developing and adult brains. mDia1 and mDia3 are present in developing and adult brains, and their mRNA is expressed in various brain regions, including the ganglionic eminences and adult SVZ (Supplementary Figs. 1-3) . To analyze mDia functions in vivo, we generated mice lacking either mDia1 or mDia3. Given that these mice seem to develop normally, we generated mice lacking both isoforms in combination (mDia double knockout (mDia DKO) mice), and examined mDia functions in brain development ( Supplementary Figs. 4 and 5) .
We asked whether mDia deficiency affects brain organization. Nissl staining revealed that supragranular (layer II/III), granular (layer IV) and infragranular (layer V/VI) layers in the somatosensory cortex were formed in adult mDia DKO mice as clearly as in adult wild-type mice (Supplementary Fig. 6a ). Furthermore, immunofluorescence for cut-like homeobox 1 (Cux1), COUP-TF-interacting protein 2 (Ctip2) and forkhead box protein P2 (Foxp2), which are markers for cortical layer II-IV, V/VI and VI, respectively, showed normal organization of respective layers in adult mDia DKO mice ( Supplementary Fig. 6b-d) . Distribution of Cux1-positive cells was normal in the cortex of mDia DKO mice at embryonic day 16.5 (E16.5) and postnatal day 0 (P0) (Supplementary Fig. 7 ). These data suggest that the layer formation of cortical excitatory neurons by radial migration is not impaired in mDia DKO mice. To confirm that radial migration properly occurs in the mDia DKO brain, we injected 5-ethynyl-2′-deoxyuridine (EdU) into pregnant mice carrying embryos at E15.5, and examined the migration of EdU-labeled cells. In both wild-type and mDia-DKO embryos, EdUlabeled cells migrated from the cortical ventricular zone toward the pial surface, and at E18.5, more EdU-labeled cells reached the cortical surface in mDia DKO embryos than in wild-type embryos (Fig. 1) , indicating that mDia deficiency promoted rather than impaired radial migration.
By contrast, we noted that significantly fewer glutamic acid decarboxylase 65 (GAD65)-and GAD67-positive cells entered the pallium a r t I C l e S and reached the top of the cerebral cortex in mDia DKO embryos at E14.5 than in wild-type embryos (P < 0.0001 for the main genotype effect in two-way ANOVA) (Fig. 2a,b) , suggesting impaired tangential migration of cortical inhibitory interneuron precursors. Consistently, the number of GABA-containing cells was reduced in the cerebral cortex of mDia DKO embryos at E16.5 compared to control littermates ( Supplementary  Fig. 7a) . Further, the number of parvalbumin-positive interneurons was reduced in the motor cortex and hippocampus of adult mDia DKO mice compared to wild-type and Dia3-knockout mice (Fig. 2c,d) . The reduction was not significant in the somatosensory cortex (P > 0.05 for Bonferroni's post hoc test following two-way ANOVA), which is located closer to the medial ganglionic eminence (MGE) than the above two regions (Fig. 2d) . These observations suggest that the migration deficit of interneuron precursors is more evident for those traveling a longer distance of tangential migration in mDia DKO mice.
Given that olfactory interneurons are continuously replaced by SVZ neuroblasts that migrate through the RMS 4 , we examined their migration in adult mDia DKO mice by doublecortin immunostaining. In mDia DKO mice, doublecortin-positive SVZ neuroblasts accumulated in abnormally high numbers at the posterior level of the RMS (pRMS), whereas they were much fewer in number at the anterior level of the RMS (aRMS) and the olfactory bulb (Fig. 3a,b and Supplementary Fig. 8a ). Consistently, although the overall size of the brain seems to be unaffected, the size of the olfactory bulb was reduced, and there was a marked loss of granule cells in adult mDia DKO mice (Fig. 3c) . Consistent with the fact that the granule cells expand after birth, mDia deficiency affected neither the size of the olfactory bulb nor the formation of the mitral cell layer at E18.5 ( Supplementary Fig. 9 ). In the olfactory bulb of adult mDia DKO mice, reelin-positive mitral cells were present in numbers comparable to those in wild-type mice, but the density of these cells was increased ( Supplementary Fig. 8b,c) .
Notably, migration of SVZ neuroblasts was already disorganized before neuroblasts entered the RMS. Doublecortin-positive neuroblasts on the lateral ventricle wall in adult wild-type mice formed uninterrupted migratory chains running parallel to the dorsal ridge of the lateral ventricle ( Supplementary Fig. 10a ). In adult mDia-DKO mice, these parallel bundles were almost absent, and the Fig. 10a ). Furthermore, elongation of nuclei, which typically occurs during nuclear translocation 10 , was seen in wild-type and mDia3-knockout neuroblasts but not in mDia DKO neuroblasts ( Supplementary Fig. 10b,c) .
To exclude a possibility that impaired cell proliferation causes reduction in cortical and olfactory interneurons, we pulse-labeled E13.5 embryos and adult mice with EdU, and examined EdU incorporation into neural stem/progenitor cells 1 h after injection. mDia DKO mice showed normal extent and distribution of EdU-labeled cells in the lateral ganglionic eminence, MGE and adult SVZ ( Supplementary  Fig. 11 ), suggesting that mDia deficiency does not affect the proliferation of neural stem/progenitor cells.
To test whether the abnormality in migration of cortical and olfactory interneuron precursors in mDia DKO mice is attributable to an intrinsic deficit of neuronal precursors, we examined the migration of these cells in vitro. To this end, isolated explants of E14.5 MGE were cultured in Matrigel. Whereas wild-type and mDia3-knockout MGE cells migrated from the explants, a smaller number of mDia DKO MGE cells migrated out of the explants (Fig. 4a,b) . We similarly examined the migration of mDia DKO neuroblasts by culture of SVZ explant in Matrigel, in which SVZ neuroblasts migrate in chains 12 . Many neuroblasts migrated from wild-type and mDia3 knockout SVZ explants in chains, as seen in vivo (Fig. 4c-e and Supplementary Video 1). By contrast, the migration of SVZ neuroblasts from mDia DKO explants was reduced compared to the migration seen in wild-type mice, and little chain formation was seen (Fig. 4c-e and Supplementary Video 2). These findings indicate that mDia-deficient interneuron precursors are impaired in their migration per se.
A role of mDia in nuclear translocation during migration Given that SVZ neuroblasts are more tractable than MGE cells for genetic manipulation by in utero electroporation, we used SVZ neuroblasts as an in vitro model for tangential migration. To characterize defective migration of mDia DKO neuroblasts, we introduced an enhanced green fluorescent protein (EGFP)-expressing vector into SVZ at E16.5 by in utero electroporation. After 24 h, we observed the migration of EGFP-expressing SVZ neuroblasts in Matrigel by timelapse fluorescent microscopy. Wild-type neuroblasts exhibited polarized morphology and migrated with cyclic motions; that is, the growth of a leading process and subsequent nuclear translocation (Fig. 5a,b  and Supplementary Video 3) . mDia DKO neuroblasts exhibited a polarized morphology that was similar to wild-type neuroblasts, and the length of the leading and trailing processes and the number of processes and branches were also similar between the two genotypes (Fig. 5a,c and Supplementary Fig. 12 ). By contrast, the motility of the cell body was slowed in mDia DKO neuroblasts compared to wildtype neuroblasts (Fig. 5a,b,d and Supplementary Video 4) .
Because the centrosome is thought to mediate nuclear translocation in radial migration, we visualized the centrosome with pericentrin-AKAP450 centrosomal targeting (PACT) domain fused with monomeric Kusabira Orange (PACT-mKO1) 28 , which was npg a r t I C l e S introduced simultaneously with EGFP. In wild-type neuroblasts ( Fig. 6a and Supplementary Video 5), a swelling first appeared ahead of the cell body, and the centrosome was typically observed in the swelling (38 out of 49 events of nuclear translocation). The swelling then proceeded with the centrosome away from the cell body, concomitantly with rapid extension of the leading process (Fig. 6a) . Subsequently, the cell body proceeded and eventually fused with the swelling (Fig. 6a) .
In mDia DKO neuroblasts, although the swelling was formed and the centrosome was observed in the swelling at a similar frequency to wild-type cells (20 out of 24 events of nuclear translocation), the swelling and the centrosome were less separated from the cell body than in wild-type neuroblasts ( Fig. 6a and Supplementary Video 6) . Thus, the maximum distance between the centrosome and the cell body before nuclear translocation was significantly reduced in mDia DKO neuroblasts (wild-type, 13.90 ± 1.80 µm, n = 27 cells; mDia DKO, 7.93 ± 0.88 µm, n = 18 cells; P < 0.05, t-test). The maximum velocity of centrosomal movement (and thus movement of the swelling) before nuclear translocation was also slowed ( Fig. 6b ; wild-type, 2.81 ± 0.25 µm min −1 , n = 30 cells; mDia DKO, 1.87 ± 0.26 µm min −1 , n = 23 cells; P < 0.05, t-test), and the centrosome also fluctuated within the swelling in mDia DKO neuroblasts (Fig. 6a) . Notably, leading process motility that was synchronized with centrosomal movement a r t I C l e S was also impeded (Fig. 6a) , as indicated by its averaged velocity during the observation period (wild-type, 1.40 ± 0.13 µm min −1 , n = 29 cells; mDia DKO, 0.85 ± 0.07 µm min −1 , n = 22 cells; P < 0.01, t-test). Although the swelling remained close to the cell body in mDia DKO neuroblasts, the cell body remained unfused with the swelling for a longer duration than in wild-type neuroblasts (wild type, 12.34 ± 1.62 min, n = 25 cells; mDia DKO, 23.02 ± 4.68 min, n = 16 cells; P < 0.05, t-test). Consequently, the maximum velocity of movement of the cell body was reduced ( Fig. 6b; wild type, 3.53 ± 0.37 µm min −1 , n = 30 cells; mDia DKO, 1.96 ± 0.39 µm min −1 , n = 23 cells; P < 0.01, t-test). These results indicate that mDia is critical for both separation of the centrosome from the nucleus and nuclear translocation in migration of SVZ neuroblasts.
mDia mediates F-actin dynamics for nuclear translocation
Previous studies reported that microtubules may not be critical for nuclear translocation in cortical and olfactory inhibitory interneuron precursors [14] [15] [16] . Nonetheless, because mDia can bind to the microtubule-associated proteins end-binding protein 1 (EB1) and adenomatous polyposis coli (APC) 29 and has been implicated in microtubule reorientation and stabilization in non-neuronal cells 30, 31 , we examined microtubule structure and stability in mDia DKO neuroblasts. Immunofluorescence for α-tubulin revealed that 17 out of 17 mDia DKO neuroblasts exhibited a cage-like microtubule structure around the nucleus as seen in wild-type cells ( Supplementary  Fig. 13a ). Tubulin acetylation, a post-translational modification that occurs in stable and long-lived microtubules 32 , was observed in this cage-like microtubule structure, and was not apparently disturbed in mDia DKO neuroblasts (Supplementary Fig. 13b ). These results indicate that the migration deficit in these mutant cells is not due to a change in microtubules, although we do not exclude the possible involvement of microtubules in the migration of SVZ neuroblasts. Given that mDia is an actin nucleator 26, 27 , we visualized the dynamics of F-actin using Lifeact-EGFP to see whether they were altered in mDia DKO neuroblasts 33 . In wild-type neuroblasts, F-actin signals were enriched at the tip of the leading process throughout migration (Fig. 7a) . Prior to nuclear translocation, F-actin condensation was formed ahead of the nucleus and moved toward the leading process, and the movement of this F-actin condensation was synchronized with centrosomal movement in wild-type neuroblasts (Fig. 7a and  Supplementary Video 7) . Furthermore, a transient 'cup-shaped' F-actin structure at the rear edge of the cell was frequently observed during nuclear translocation (Fig. 7a and Supplementary Video 7; 17 out of 22 neuroblasts from 4 wild-type embryos; the frequency of this F-actin structure in each embryo was 78.7 ± 8.7%). In mDia DKO neuroblasts, although F-actin condensation was formed ahead of the nucleus at similar intensity to wild-type neuroblasts, the movement of this F-actin condensation was impaired (Fig. 7a and Supplementary  Video 8) . Furthermore, F-actin accumulation at the rear edge during nuclear translocation was rarely observed in neuroblasts from mDia DKO embryos (Fig. 7a and Supplementary Video 8; 2 out of 15 neuroblasts from 3 embryos; the frequency of this F-actin structure in each embryo was 8.33 ± 8.33%). By contrast, F-actin signals at the tip of a leading process appeared undisturbed in mDia DKO neuroblasts (Fig. 7a) . These data suggest that mDia mediates the movement of F-actin condensation toward the leading process and the formation of an F-actin cup at the rear edge of SVZ neuroblasts.
We next examined the localization of mDia by expression of EGFPfused mDia1 or mDia3 in wild-type SVZ neuroblasts. Although overexpression of EGFP-mDia affected cell morphology and motility to some extent, neuroblasts overexpressing EGFP-mDia can still migrate with nuclear translocation. A transient enhancement of mDia1 and mDia3 signal was observed at the swelling in migrating neuroblasts (Supplementary Fig. 14) . Furthermore, both mDia1 and mDia3 accumulated at the rear edge immediately before nuclear translocation (Fig. 7b,c) . These results suggest that in migrating SVZ neuroblasts, mDia is transiently localized at the swelling and the cell rear, in which F-actin signals accumulate.
To test whether mDia cooperates with ROCK (another Rho effector that regulates myosin II activity) in the migration of SVZ neuroblasts, we inhibited ROCK and myosin II during the migration of SVZ neuroblasts in Matrigel. Both Y-27632, a ROCK inhibitor, and blebbistatin, a myosin II inhibitor, prevented migration of SVZ neuroblasts in Matrigel (Fig. 8a,b) . Time-lapse fluorescent imaging of migrating neuroblasts expressing EGFP and PACT-mKO1 was performed in the absence or presence of Y-27632 (Fig. 8c and Supplementary  Videos 9 and 10) . With ROCK inhibition, neuroblasts showed elongated leading processes ( Fig. 8c; control, 44 .80 ± 3.70 µm, n = 16 cells; Y-27632, 62.03 ± 6.00 µm, n = 16 cells; P < 0.05, t-test). ROCK inhibition also impaired tail retraction and induced elongation of the trailing process ( Fig. 8c; control, 4 .51 ± 1.52 µm, n = 16 cells; Y-27632, 22.71 ± 7.16 µm, n = 16 cells; P < 0.05, t-test). Y-27632 spared formation of the swelling, and the maximum separation of the centrosome (thus the swelling) from the nucleus before nuclear translocation was not altered ( Fig. 8c; control, 12 .59 ± 1.33 µm, n = 15 cells; Y-27632, 13.15 ± 2.32 µm, n = 9 cells; P > 0.8, t-test). However, the swelling was maintained for a longer duration before the nucleus a r t I C l e S was reached (control, 11.07 ± 2.36 min, n = 15 cells; Y-27632, 35.45 ± 4.52 min, n = 11 cells; P < 0.0001, t-test), because the maximum velocity of nuclear translocation was slowed (control, 3.30 ± 0.40 µm min −1 , n = 18 cells; Y-27632, 0.77 ± 0.07 µm min −1 , n = 17 cells; P < 0.0001, t-test). Consequently, the maximum velocity of centrosomal movement preceding nuclear translocation was reduced (control, 2.53 ± 0.28 µm min −1 , n = 18 cells; Y-27632, 1.08 ± 0.13 µm min −1 , n = 17 cells; P < 0.0001, t-test). Therefore, ROCK inhibition did not affect nucleus-centrosome separation, but interfered with nuclear translocation similarly to mDia deficiency.
DISCUSSION
Whether radial migration and tangential migration are operated by similar or distinct mechanisms within migrating neuronal precursors remains unknown. Given that mDia1 and mDia3 are expressed in mouse brains, here we generated mice lacking mDia1 and mDia3 in combination, and found that these mice are selectively impaired in tangential migration of cortical and olfactory interneuron precursors in vivo. By contrast, radial migration and consequent layer formation of cortical excitatory neurons were not impaired in mDia DKO mice, indicating that mDia1 and mDia3 function is dispensable for radial migration. As possible cellular bases for the deficits in vivo, we found that mDia DKO neuroblasts exhibited retarded nuclear translocation and reduced separation of the centrosome from the nucleus in vitro. Consistently, two types of mDiadependent F-actin dynamics were observed: F-actin accumulation at the cell rear during nuclear translocation and anterograde F-actin movement toward the leading process during nucleus-centrosome separation. These data collectively suggest that the dynamics of F-actin mediated by mDia are critical for nuclear translocation in tangential migration through regulating movement of the centrosome and the nucleus, and that this mechanism is dispensable for radial migration in vivo (Supplementary Fig. 15 ). These findings provide the first example suggesting different contributions of actin dynamics to radial and tangential migration.
mDia-dependent rear F-actin cup formation for migration
The mechanism underlying nuclear translocation has been extensively studied, and the role of microtubules and dynein-mediated motor activity in nuclear translocation has been suggested. However, most of these studies were performed on radial migration, and the role of microtubules in tangential migration is largely unknown. Although mDia can modulate microtubule dynamics in non-neuronal cultured cells [29] [30] [31] , mDia DKO neuroblasts did not show apparent abnormality in cage-like microtubule structure around the nucleus.
By contrast, mDia DKO neuroblasts failed to form cup-shaped F-actin structure at the rear during nuclear translocation. As mDia is critical for nuclear translocation, this F-actin structure could generate the force pushing the nucleus from behind. Our finding that mDia is localized to the cell rear before nuclear translocation suggests that local supply of actin filaments by mDia is critical to form the cupshaped F-actin structure at the rear for nuclear translocation. This mDia function seems to cooperate with ROCK, as ROCK inhibition mimicked impaired nuclear translocation as observed in mDia DKO neuroblasts. Consistently, it was reported that myosin II and its phosphorylated (active) form are enriched at the cell rear in cortical interneuron precursors and SVZ neuroblasts undergoing nuclear translocation 14, 16, 17 , and that blebbistatin blocked nuclear translocation in these cells. These findings thus suggest that actin filaments generated by mDia are used to form actomyosin bundles upon ROCK activation for nuclear translocation. Given that nucleus-centrosome separation is larger in tangential migration than in radial migration, the nucleus has to move for a larger distance during nuclear translocation in tangential migration. Actomyosin-based contractility mediated by mDia and ROCK at the cell rear could promote nuclear movement over a large distance in tangential migration. mDia-dependent nucleus-centrosome separation for migration Although nucleus and centrosome are separated before nuclear translocation by a greater distance in tangential migration than in radial migration 3, 17 , the underlying mechanism remains unknown. We found that mDia deficiency reduced nucleus-centrosome separation before nuclear translocation. Notably, anterograde F-actin movement toward the leading process from the cell body that is synchronized with centrosomal movement is also impaired in mDia DKO neuroblasts, suggesting that this F-actin movement has a role in centrosomal movement before nuclear translocation. Given that EGFP-mDia accumulated at the swelling before nuclear translocation, local supply of actin filaments by mDia could be involved in this F-actin movement.
Although the role of microtubules in centrosome positioning has been highlighted in non-neuronal cells, actin cytoskeleton has also been implicated in positioning the centrosome 34 . For example, the separation and positioning of the centrosomes in spindle formation of mitotic cells are dependent on myosin II (ref. 35 ) and diaphanous 36 , a Drosophila homolog of mDia. By contrast, ROCK inhibition did not affect nucleus-centrosome separation in SVZ neuroblasts, suggesting that ROCK-mediated actomyosin contractility may not be involved in this process, or may function redundantly with other signaling.
A selective function of mDia in tangential migration Given that both mDia and ROCK are Rho effectors, our finding about their roles in the migration of SVZ neuroblasts suggests that Rho activation is required for tangential migration. By contrast, it was reported that the attenuation of Rho activity is necessary for radial migration [37] [38] [39] . Thus, Rho signaling seems to be differently used in radial and tangential migration. Consistently, we found that mDia deficiency does not impair, but rather promotes, radial migration. It is known that Slit-Robo signaling is critical for tangential migration 2 , and that this signaling activates Rho 40 . Previous studies showed that Slit is secreted from the choroid plexus and forms a descending gradient in the direction of migration of SVZ neuroblasts 41 . It is thus conceivable that the cell rear of SVZ neuroblasts is exposed to Slit at a higher concentration than the cell front, leading to higher activation of Rho signaling at the cell rear. Such spatiotemporal regulation of Rho activation may provide the mechanism for the formation of cup-shaped F-actin structure by mDia at the cell rear for nuclear translocation.
In summary, our results suggest that radial migration and tangential migration are operated at least in part by distinct cellular mechanisms. mDia function revealed here highlights the importance of spatiotemporal de novo F-actin formation in shaping the F-actin dynamics that drives tangential migration of neuronal precursors.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. For experiments in Figures 5-8 and Supplementary Videos 3-10, time-lapse fluorescent confocal images were obtained at 3-min intervals for 30-120 min through a 40×, 1.25 N.A. Plan-Apochromat objective lens attached to a TCS SP5 confocal microscope (Leica Microsystems). At every time point, confocal images at multiple consecutive optical z planes (6-15 levels) at 1.5-µm step intervals were collected and projected to the horizontal plane for subsequent analyses. During image acquisition, SVZ explants were maintained at 37 °C and 5% CO 2 in a humidified chamber (Tokken) attached with an inverted microscope.
Images were analyzed and quantified with ImageJ software (US National Institutes of Health) and MetaMorph (Universal Imaging).
In utero electroporation. In utero electroporation for fluorescent imaging of SVZ neuroblasts in vitro was performed as described previously 49 with modifications. Briefly, plasmid DNA colored by Fast Green (0.1%) was injected by pressure into the right lateral ventricle of an embryo through a glass pipette connected to the Pneumatic PicoPump (World Precision Instruments). Electroporation (5 pulses of 33 mV, 50 ms) was then applied using an electroporator (CUY21, BEX). To introduce plasmids into SVZ efficiently, we optimized the angle of an electrode. The concentrations of plasmids used for electroporation were as follows: 1.0 µg µl −1 (pCX-EGFP, pCX-mCherry, pCAG-mKO1-C1, pCAG-PACT-mKO1 and pCAG-Lifeact-EGFP), and 1.5 µg µl −1 (pCAG-EGFP-mDia1 and pCAG-EGFPmDia3). At 24 h after electroporation, SVZ was dissected for explant culture.
Quantification of processes and branches in SVZ neuroblasts. For quantification of processes ( Fig. 5c and Supplementary Fig. 12 ), the migration of SVZ neuroblasts expressing EGFP and PACT-mKO1 was monitored by fluorescent time-lapse imaging taken at 3-min intervals for 30 min. A process extending in the direction of cell migration is defined as a leading process, and a process from the opposite side is defined as a trailing process. Processes that bifurcate from the leading process are defined as side branches. The number of a process or branch that is present in all ten consecutive frames is determined as 1, and the number of a process or branch that is present only in one frame is determined as 0.1. The length of a process is an average value of those in the ten frames.
